Abstract-At six months after brain injury, about 65% of stroke survivors have been shown to be unable to incorporate the affected hand into activities of daily living (ADL). Using a reliable Brain-Machine-Interface (BMI) together with Neural Electronic Stimulation (NES) is a possible solution for the restoration of hand function in severely impaired hemiparetic stroke survivors. However, discoordination, i.e. the abnormal coupling between adjacent joints, causes an expected reduction in the performance of BMI algorithms. In this study, we test whether the active support of an ACT3D robot can increase the performance of two brain-machine-interface (BMI) algorithms in separating the subject's intention to open or close the impaired hand during reach. Improvement in recognition rate was obtained in 4 chronic hemiparetic stroke subjects when support from the robot was available. Further analysis on one subject suggests that such an improvement is related to quantitative changes in cortical activity. This result suggests that the ACT3D robot can be used to train severely impaired stroke subjects to use a BMI-controlled NES device.
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I. INTRODUCTION
CT 3Drobot is a 3D force control robot equipped with a six degree of freedom load cell and an instrumented gimbal at the end effector. This robot can increase or decrease the weight of the tested arm in a well-controlled manner and allows a subject's upper limb to move freely in 3D space. This device has successfully been used in increasing the workspace of the upper limb for severely impaired chronic stroke survivors [ 1, 2] . However, the hand function in most of these subjects is impaired, thus usage of their paretic arms during activities of daily life (ADL) is still very limited. The combination of a Brain-Machine-Interface (BMI) with neural electrical stimulation (NES) is a possible solution for the restoration of hand function in severely impaired stroke survivors. BMI should be able to reliably detect a subject's intention for simple hand tasks, such as hand opening and closing. Although BMI opening and closing already exist, none of them target stroke subjects; instead, they usually target only locked-in patients. These BMI algorithms usually depend on teaching a subject to keep non-associated subjects or motions in mind. Most stroke subjects still have some volitional control of hand muscles. This volitional control results in abnormal muscle co-activation patterns which parallel discoordination in the upper limb following stroke. Therefore, detection of intention in stroke survivors is believed to be more difficult than that for healthy subjects or for locked-in patients.
More than 50%0 of stroke patients are left with a residual motor deficit, called discoordination, especially reflected as the loss of independentjoint control associated with abnormal muscle co-activation patterns in the paretic limb. Quantitative investigation of these stereotypic movement patterns has revealed an abnormal linkage between the activations of shoulder abduction (SABD) and elbow flexion (EF) [3] [4] [5] [6] and closely parallel the abnormal muscle co-activation patterns reported previously [7] . Recently, results from our lab have shown that by providing support to the paretic arm, a stroke subject can significantly decrease the coupling between SABD and EF because of a reduced need in activation of shoulder abductors [1, 2] . The robot-induced decoupling between shoulder and elbow in the paretic arm of stroke subjects may also improve the performance of BMI algorithms. The We tested the performance of two BMI algorithms in the impaired arm of four chronic stroke subjects (see Table 1 for stroke subject information). All subjects provided written consent prior to participation in the study that was approved by the Institutional Review Board of Northwestern University and in compliance with the principles of the Declaration of Helsinki. Participants sat in a Biodex chair that completely supported the trunk. The trunk was restrained to the back of the chair with straps crossing the chest and abdomen to prevent trunk and pelvis motion during the experiment. The ACT3D robot was fixed in a position relative to the chair. Subject's forearm was strapped in a forearm-hand orthosis attached to the end effector of the robot. Initially, the tested arm was positioned with a 450 shoulder flexion angle, 750 shoulder abduction angle, and 900 elbow flexion angle (see figure 1) . This position will be referred to as the 'home position' from now on.
At the start of the experiment, the subject's limb lengths were measured and entered into software in order to scale the OpenGL rendered graphical representation of the limb (an avatar). The 'target position' was then set as far as the tip of the hand can reach based on segment lengths (i.e., the reduction of workspace due to discoordination was not taken into account) with the configuration of 950 shoulder-flexion angle, 950 shoulder-abduction angle, and 00 elbow-flexion angle (see figure 1) .
At the beginning of a trial, the subject was instructed to move the paretic arm into the home position which was presented as a small red sphere on the screen, and stay there for 3 seconds to provide baseline EEG signals for analysis. (These 3 seconds are called the 'preparing phase' in the rest of the paper.) During this phase, the target position appeared as a blue or green sphere. (The blue and green targets suggest an opening-and closing-hand trial, respectively.) Subjects were instructed to relax on the haptic table in the home position when they saw the home target. The home target then disappeared indicating to the subject that he/she should then reach at a comfortable speed for the target while opening or closing the hand within 2 seconds. During the reaching phase the subject was required to maintain a position above the table, which was monitored by the haptic feedback from the robot during the whole trail. Auditory feedback was provided to subjects if they touched the haptic table during the trial. The movement tasks were performed under two conditions: a gravity condition in which the subject performed the reaching task while actively supporting the weight of their paretic limb and a non-gravity condition in which the robot provided full support of the arm weight. In some cases, especially while supporting the weight of the paretic arm, subjects were unable to reach the target because of the expression of the abnormal flexion synergy. In this case, they were instructed to perform the task to the best of their ability. After the target position was reached or after the subject spent more than 2 seconds attempting to reach, the target position changed to yellow. The beginning ofhand opening phase: t 0 25 ms Fig 2. The sequence of movement tasks. seconds. (This 1 to 2 second window will be referred to as the 'holding phase') The sequence of the whole movement task is shown in figure 2 .
The avatar representing the tested limb was displayed continuously on a computer screen in front of the subject to provide visual feedback of the arm configuration and target locations during the preparing and reaching phases. While in the holding phase, the avatar was fixed in the target position. Figure 3 is an example of the feedback screen with the target displayed. A dark gray graphical table is also shown to provide a visual ground. Similarly, the haptically rendered virtual table was present throughout the experiment to provide a point of reference for the subject during the movement and as a rest surface during the relax phase.
In both conditions, concurrent with the disappearance of the home target, a 5V TTL pulse signal was generated by the robot. This pulse was used as a time marker to segment the EEG signals. For each target, four blocks of 30 trials, a total of 120 trials, were performed. To minimize fatigue, a rest period of 10-20 seconds between trials and 10 to 20 minutes between blocks were used. The hand opening and closing tasks each were performed in two different conditions (gravity and non-gravity) on two different days. During the data collection session, subjects were instructed to keep their gaze on the small red dot that showed the tip of the tested hand in order to avoid eye blinks. for the elimination of the outermost electrodes, i.e. a reduction in total channel number from 160 to 136 on the scalp. The TTL signal was used to align and segment remaining EEGs. Segmented signals (-1 s to 1 s with 0 indicating the rising phase of TTL signal) were then baseline corrected (baseline of -2.5 s to -2 s), re-referenced to the common average, and down sampled to 256 Hz. Further processing was conducted using MATLAB software.
C. Data collection
In the MATLAB environment, the modified time-frequency synthesized spatial patterns (TFSP) BMI algorithm [10] was used to detect the subject's intention of opening or closing the tested hand. The modification applied to this study includes that 1) the weight for each time-frequency grid was set as either 1 or 0 depending on the recognition rate achieved on the training set; 2) besides the original nearest neighbor (NN) classifier, a support vector classifier (SVC) was tested separately for the ability of intention detection [11] .
2) EEG data preprocessing for quantifying the movement-related cortical activity: The EEG signals were In the CURRY software environment, the ensemble averaged EEG signals sent through a multi-stage processing procedure: 1) re-referencing to the common average, 2) low pass filtering (9th order Butterworth filter) with a cutoff frequency of 50 Hz, 3) estimating the signal-to-noise ratios (SNRs), and 4) co-registering of EEG electrode positions with the reconstructed subject skin (based on subject's MRI). Subsequently, the cortical current distribution in two windows: -50 ms -0 ms and 0 ms -25 ms (with 0 representing the onset of EMGs) was computed using the LORETA method (Lp=1) based on a subject-specific boundary element model of the head with the regulation parameter equal to 1/SNR. This inverse method was chosen because its performance is superior to other available inverse methods in CURRY as demonstrated using both simulated EEG data and real cortical sensory evoked potentials [12] .
Although the inverse calculation was performed over the whole cortex, only the activities in the sensorimotor cortices (SMCs) were further analyzed using four quantitative measurement indices: 1) the maximum cortical current strength (MCCS), 2) the active cortical area ratio (ACAR), 3) the center of gravity (CoG) of cortical currents, and 4) the overlapping active area (OAA).
The maximum cortical current strength is the peak magnitude determined in SMCs. The active cortical area ratio (ACAR) is defined as the ratio between active cortical area and the total area of SMCs, where the active cortical area is the area with a significantly larger current strength at the 9500 confidence level. This index (0-1) reflects the spatial extent of cortical activity related to the generation of SABD or EF torques. The OAA between shoulder and elbow activities in SMCs is defined as:
where Cs Norm and Cei"' are the normalized strengths of the current in the ith location in SMCs while generating SABD and EF torques, respectively; and ai is the area of the ith position. This index reflects the overlap of active areas between shoulder and elbow activities without considering the effect of current strength.
III. RESULTS Means of recognition rates with two modified STFP BMI algorithms (i.e., using NN classifier or SVC classifier) under two conditions (i.e., gravity or none-gravity) in 4 stroke subjects for opening or closing hand while reaching are listed in table 2. A two-way ANOVA (i.e., BMI algorithm and condition) result demonstrate that there is a non-significant increase of the recognition rate (P=0. 16) when using ACT3D to support the total arm weight in these 4 stroke subjects. Regression between the mean difference in recognition rates for the two conditions and methods shows that there is a trend (P=0.17) suggesting that a stroke subject with a lower FM hand scores benefits more from the usage of the ACT3D robot. In subject S2, who has the largest increase in recognition rate when using ACT3D to support his paretic arm, we did an inverse calculation in order to reconstruct the cortical activity during the end of the reaching phase and the beginning of the holding phase (see figure 2) . Results for hand-opening task are shown in figure 4 . Quantitative analyses of the inverse results on this subject for both hand-opening and closing tasks are listed in table 3. IV. DIscussIoN Using two different BMI algorithms, we observed a non-significant trend showing that the usage of the ACT3D robot can improve recognition rates in 4 stroke subjects. Additionally, our results suggest that a more severely impaired stroke subject may better benefit from the usage of the robot. This result may be due to the fact that more severe coupling between the shoulder and elbow is expressed in subjects with lower FM scores. Our group also has quantitative data demonstrating that using the 3D robot to compensate for arm weight, thus reducing the drive of the shoulder abductor required for reaching, can help stroke subjects decouple the shoulder and elbow [1, 2] . This decoupling may also reduce the abnormal finger/wrist flexion during reach when the arm weight is supported by the ACT3D robot. The robot-induced decoupling could be associated with changes in cortical activity, which is indirectly suggested by the increase in recognition rate as determined by the aforementioned BMI algorithms. We further investigated the cortical activity under gravity and non-gravity conditions in one stroke subject. Results of this investigation provide more direct evidence for the robot-induced changes at the sensorimotor cortices. The following observations were made: First, with regards to the cortical activity strength, we observed a higher maximum strength under the gravity condition in the whole SMC region. However, in the hand area of the motor cortex, lower cortical activity in the gravity condition was found when compared with that under the non-gravity condition (in the case of opening the hand, we found that strengths in hand area are 0.09 pA mm2 verses 0.15 pA mm2 in the gravity and non-gravity conditions, respectively). This is because different levels of cortical activity occur in the two different conditions. In the gravity condition, cortical activity is observed throughout the whole SMC area, while activity remains in the hand area of the SMC in the non-gravity condition.
Second, with regards to the ACAR, we saw less active area during the non-gravity condition than that during the gravity condition for both hand-opening and closing tasks. This result suggests that, when a stroke subject has to lift up their paretic arm, an increase in the total active cortical area may occur.
Third, with regards to the shift in CoG, we made two different comparisons. One is to compare the CoGs within the same time window between the two different gravity conditions. The other is to compare the changes in CoGs between the two time windows for the two different conditions. In the first case, we found more medial CoGs under the gravity condition in both windows. This suggests that cortical activity was scattered in both hemispheres as opposed to the contralateral hand area on the cortex. In the second case, we observed a larger shift in x-direction (i.e., medial/lateral) toward the more lateral MI under the non-gravity condition as compared to that under the gravity condition. In the first window (i.e., -50-0 ms), the subject was still approaching the target. However, cortical activity related to the hand opening/closing movement may also be involved in this window. In the second window (0-25 ms) the subject concentrated more on the hand task. When comparing inverse results obtained in the first to that in the second window, shift of cortical activity from the more medial to more lateral position was anticipated in a normal brain due to more hand activity expected during the 2nd window.
Differences between the two conditions for the hand-closing task are not as clear as that for the hand-opening task. The shifts in CoGs suggests that the usage of the ACT3D robot can result in the assignment of the remaining cortical resources the need to drive other muscles.
Finally, with regards to the OAA, we observed a higher overlap of areas in the 1St and the 2nd time windows during the gravity condition than during the non-gravity condition (0.14 vs. 0.09) when the subject was performing the hand opening task. Again, differences between the two conditions for hand-closing are not as clear as that for hand-opening. This may result from the fact that the closing of the hand is a part of the flexion synergy during reach following stroke. We believe that the increase in overlapped area under the gravity condition corresponds to the higher shoulder activity required to counteract the force of gravity.
In short, we found that the usage of the ACT3D robot can improve the performance of BMI algorithms. This improvement is believed to be related to the changes of cortical activity induced by the robot. Our results suggest that the ACT3D robot can be used for the neurorehabilition of hand function in severely impaired stroke subjects.
